Chromosomal instability occurs early in the development of cancer and may represent an important step in promoting the multiple genetic changes required for the initiation and/or progression of the disease. Telomere erosion is one of the factors that contribute to chromosome instability through end-to-end chromosome fusions entering BFB (breakage-fusion-bridge) cycles. Uncapped chromosomes with short dysfunctional telomeres represent an initiating substrate for both pre-and post-replicative joining, which leads to unstable chromosome rearrangements prone to bridge at mitotic anaphase. Resolution of chromatin bridge intermediates is likely to contribute greatly to the generation of segmental chromosome amplification events, unbalanced chromosome rearrangements and whole chromosome aneuploidy. Accordingly, telomere-driven instability generates highly unstable genomes that could promote cell immortalization and the acquisition of a tumour phenotype.
Introduction
CIN (chromosome instability), which can be defined as the continuous formation of new structural and numerical chromosome aberrations, is one of the most frequent forms of instability in neoplasia [1] . The vast majority of cancers occurring in human adults are carcinomas and their frequency increases exponentially with age. These solid tumours usually display a myriad of complex chromosome alterations, including both non-balanced structural and numerical aberrations, that are not always shared by cells of the same tumour or linked to a particular tumour type. CIN is increasingly recognized as a key component of tumorigenesis in humans. It is thought that the unbalanced rearrangement of the genome is intimately linked to cancer development through the generation of chimaeric genes or deregulation of oncogenes and by changing the gene dosage needed for epithelial carcinogenesis [2] .
CIN appears when the capacity to maintain the integrity of the chromosomes is lost. Erroneous DNA repair, inability to properly segregate the chromosomes during mitosis and dysfunctional telomeres are sources of CIN. Telomeres cap the ends of eukaryotic chromosomes. Their main function is to protect the chromosome extremities from illegitimate recombination. Telomeres shorten with each cell division and ultimately induce senescence (reviewed in [3] ). To compensate for this telomeric sequence loss, telomerase elongates the chromosome end by adding (TTAGGG) repeats on to the telomere track. However, telomerase is only active in certain cell types. In the absence of telomerase activity, Key words: aneuploidy, breakage-fusion-bridge cycle, carcinogenesis, chromosome instability, telomere. Abbreviations used: BFB cycle, breakage-fusion-bridge cycle; CIN, chromosome instability; HMEC, human mammary epithelial cell; SCF, sister chromatid fusion. 1 To whom correspondence should be addressed (email laura.tusell@uab.es).
excessive proliferation in an environment with cell-cycle checkpoint deficiencies might lead telomeres to shorten to under a critical length and stop protecting the chromosome ends [4, 5] . Then, uncapped telomeres activate the DNA damage machinery [6] in order to repair unprotected extremities by joining uncapped chromosome ends.
Two independent observations have lead to the speculation that telomere erosion might be a risk factor for the genesis of certain tumours. The first one is that telomeres in human cancer cells are often significantly shorter than their normal tissue counterparts [7] . The second observation is that anaphase bridges, a known manifestation of excessive telomere erosion, are 10 times more frequent in cells derived from a great variety of neoplasms and borderline malignant lesions than in normal tissue cells [8] . In light of these observations and on the basis of several experimental studies with telomere-defective mouse models, a telomere-dependent genomic instability model has been proposed to explain human epithelial carcinogenesis [9] . According to this model, carcinomas originate from normal epithelial cell lineages that, even though they display low or undetectable telomerase activity, undergo continual proliferation throughout life to renew epithelia. It has been proposed that the dicentric chromosomes resulting from end-to-end fusions of critically short, dysfunctional, telomeres enter BFB (breakage-fusionbridge) cycles and give rise to the great CIN that seems necessary to initiate epithelial carcinogenesis [4, [10] [11] [12] .
Progressive accumulation of specific uncapped chromosomes with telomere shortening in different individuals
In human somatic cells, the telomere length is highly heterogeneous among individual chromosome arms [13] , with some chromosomes having shorter telomeres than others. The length of individual telomeres results from a dynamic balance between elongation and shortening [14] , which usually depends on the activity of the telomerase enzyme. In humans, telomerase is expressed in the germline and in somatic cells during early embryogenesis, which allows for telomere length homoeostasis in these cells [15] . However, telomerase is usually inactive in most somatic cells and, in the absence of a specific telomere elongation mechanism, telomeres shorten with each cell division. Consequently, given the heterogeneous distribution of telomere lengths within cells, the shortest telomeres at the beginning of life are presumed to be the shortest ones after intense cell proliferation and will invariably reach a critical minimum length before the others. These assumptions were confirmed in mouse models deficient in the RNA component of telomerase (mTerc − / − ). The analysis of telomerase-knockout mice revealed that each line of mTerc − / − animals generated has a characteristic distribution of telomere lengths among the different chromosome arms. First-generation mTerc − / − mice are obtained from crosses between heterozygotes and successive generations are generated through inbreeding [16, 17] . This reproduction scheme suggests that there is a founder effect on the non-random distribution of short telomeres among different mouse families [18] . Similarly, in humans, the distribution of telomere lengths among the different chromosome arms is genetically determined in the zygote and maintained during life [19] and families, as the relative lengths of individual telomeres in the children are similar to those of the corresponding telomeres in the parents [20] . Cytogenetic analysis of primary cultures of HMECs (human mammary epithelial cells) derived from different donors determined that each primary cell line possesses a specific set of chromosomes with short telomeres, which was demonstrated by the absence of detectable fluorescent hybridization signals at specific chromosome ends when telomere PNA (peptide nucleic acid) probes were used ( [21] , and D. Soler, unpublished work]. Then, since each human being has a specific profile of telomere lengths at chromosome ends, the risk of a particular chromosome arm becoming unstable also differs among individuals [21] . Both in the mTerc − / − mouse model and in primary human epithelial models, the particular chromosomes with eroded telomeres in each animal or individual are those most frequently involved in end-to-end fusion events [21] [22] [23] [24] [25] .
Structural chromosome aberrations are initiated by BFB cycles of chromosomes with fused chromatids
Telomere-dependent CIN has been proposed to derive from the resolution of anaphase bridges originated by end-to-end fusion of uncapped chromosomes. Besides conventional dicentric chromosomes, anaphase bridges may also result from ring chromosomes or SCF (sister chromatid fusion) events. Although it is simple to identify rings in metaphase spreads, chromosomes with fused chromatids are easily missed by classic cytogenetic analysis. Nevertheless, secondary aberrations resulting from the resolution of the dicentric fused chromatid bridge are clearly observed. Unequal breakage of bridges of chromosomes with fused chromatids results in inverted repeats (segment amplification) on the end of the chromosome in one daughter cell and a terminal deletion on the same chromosome in the other daughter cell (reviewed in [26] ).
Chromosome rearrangements with inverted repeats have been found in the ES-30 cancer cell line after selective induction of telomere loss by introducing a single DSB (double-strand break) [27] . Similar results were obtained in HMECs when only one chromosome was unprotected [28] . Interestingly, the chromosomes that suffer SCF events undergo prolonged periods of CIN involving repeated BFB cycles. As the resulting chromosomes still lack a telomere on one end, following DNA replication the sister chromatids can fuse and break again in the next cell cycle, which gives rise to extensive DNA amplification and deletion [28, 29] . Nevertheless, the uncapped chromosome can eventually be repaired by fusing to a broken or eroded chromosome end, transferring the amplified regions from one chromosome to another [27, 28] .
When only one chromosome in a cell is unprotected, and no other free end is available, this uncapped chromosome end has no chance of joining unless replication of DNA is possible. Then, the repair machinery is prone to fuse the uncapped sister chromatids due to their close proximity [30] . The resulting continuous DNA molecule always forms a bridge during cell division and thus generates chromosomal segment imbalances in the daughter cells [28, 31] . Altogether, this demonstrates that telomere loss through BFB cycles can give rise to genomic DNA copy alterations, a prevalent alteration observed in human tumour cells.
Accumulation of uncapped chromosomes in cells leads to end-to-end fusion events between different chromosomes
Progressive telomere shortening in dividing cells leads to the accumulation of uncapped chromosome arms. When this occurs, uncapped extremities from different chromosomes can join together and give rise to interchromosome end-to-end fusions. This occurs before DNA synthesis and mainly results in dicentric chromosomes. Although isodicentric chromatids derived from SCF events always bridge at anaphase, dicentric chromosomes may only contribute to genomic instability if a twist between the two centromeres occurs during division. This means that the larger the intercentromeric distance, the greater the probability of twisting and of becoming unstable. Upon breakage, non-reciprocal translocations and other nonbalanced rearrangements will result. The balance between pre-and post-replicative joining depends on the presence of substrates competing for end-joining in the same cell. Although SCF was observed when telomere dysfunction only affected a few chromosome ends, pre-replicative aberrations increase with progressive telomere shortening as the number of available uncapped chromosome arms for fusion reactions increases (Figure 1) [32] . As a whole, telomeredysfunction results in complex genome reorganization in chromosomes with fused chromatids (b1) enter into BFB cycles. Two dicentric chromatids (a2), or one isodicentric chromatid (b2), are pulled to opposite poles, which gives rise to anaphase bridges. Then, if the chromatin bridges are unequally broken, structural chromosome aberrations will appear in the daughter cells and produce partial monosomies and trisomies (a3). The resolution of SCF events leads to partial gains, in the form of chromosome amplification, in addition to partial monosomies (b3).
which chromosomes that initially had the shortest telomeres and those that later became uncapped contribute to the notable CIN of the karyotype [21, 23, 24] . Importantly, after cell immortalization, by telomerase reactivation, the majority of stabilized structural aberrations are also mainly influenced by the initial telomere length distribution among individual chromosomes before and during a cellular crisis [23, 24] .
The fact that in vitro-immortalized post-crisis cells occasionally have tumorigenic potential demonstrates that telomere-driven instability may contribute to the generation of a tumour phenotype [33] . Telomere dysfunction may dictate the remodelling and scrambling of the genome through ongoing BFB cycles, causing balanced and unbalanced translocations and deletion/amplification of chromosome segments [21] [22] [23] [24] [25] 28, 31] . All of these aberrations can drive the tumorigenic process by increasing the mutation rate and changing the dosage of oncogenes and tumour-suppressor genes [34] . Given the heterogeneous telomere length among chromosomes, this telomere-dependent instability model may provide an explanation for the extensive intratumour heterogeneity in the pattern of structural chromosome aberrations of the vast majority of solid tumours [8] , and may also explain interindividual differences in karyotypes among tumours of the same type.
Telomere dysfunction also engenders abnormal chromosome segregation
Most tumours, as well as exhibiting structural chromosomal rearrangements, also show abnormal chromosome numbers. Aneuploidy is the most frequently identified genomic abnormality in cancer. It has been shown to occur early in progression and is often observed in premalignant lesions [35] .
The underlying causes behind aneuploidy during the development of carcinomas are unknown, but it has been suggested that proliferation-dependent telomere dysfunction could be behind erroneous chromosome segregation [36] . According to this view, the mechanical tension of bridged end-to-end chromosome fusions could result in an abnormal distribution of chromosomes between daughter cells. Missegregation of whole chromosomes after the resolution of chromatin bridging at anaphase could be explained if the dicentric chromatids detach from the microtubules of one or both spindle poles.
Studies on epithelial cell lines expressing HPV (human papillomavirus) did not determine any direct connection between whole chromosome losses or gains and critically short telomeres either in metaphase or interphase cells [31] . Conversely, a significant correlation was obtained for structural chromosome aberrations [31] . These authors concluded that aneuploidy is not an important consequence of anaphase bridge resolution. Nevertheless, definitive evidence of a link between proliferation-dependent telomere dysfunction and aneuploidy was obtained in a study on non-transformed primary HMECs [37] . We established that chromosomes with excessive telomere shortening were more frequently involved in erroneous segregations between daughter cells than chromosomes with noncritical telomere lengths. Either the inclusion of lagging chromatids into micronuclei or non-disjunction of dicentric chromatids between sister nuclei was observed (Figure 2 ) in artificially generated binucleated HMECs, which suggests that defective microtubule-kinetochore attachments could promote anaphase bridge missegregation [37] .
Regardless of the causal mechanism, subsequent division of a monosomic cell will originate a hypoploid clone of cells. Conversely, the addition of extra chromosomes into a nucleus does not necessarily result in the appearance of a trisomic clone of cells, because the extra chromosome is part of a dicentric chromosome that can reorganize further. This means that a telomere-dysfunction environment might promote chromosome losses more frequently than chromosome gains. Consistent with this, studies on ulcerative colitis have reported a strong correlation between telomere shortening and losses of both chromosome arms and centromeres, whereas no correlation has been observed for gains [38] . Similar results were observed for cultured lymphocytes of healthy older women [39] and coupled the process of telomere shortening with age [40] . Altogether, this provides evidence that progressive telomere dysfunction in proliferating cells in the absence, or with limited amounts, of will be generated. Then, one of the daughter cells will receive a whole chromosome and the other will lose one. However, the aneuploid event may be complete or incomplete depending on whether the second dicentric chromatid breaks. (b) If the bridged chromatin resists the pulling tension of the microtubules, the dicentric chromatid will lag at the equator of the cell, while the other chromosomes migrate to the spindle poles. The subsequent descondensation of the chromatin will generate a micronucleus.
telomerase can give rise to whole-chromosome aneuploidy, which is perpetuated in the progeny mainly in the form of chromosome losses rather than gains.
Concluding remarks
Evidence is accumulating that the loss of the telomere capping function due to proliferation-dependent telomere erosion is a crucial event in initiating cancer [9, 41, 42] . In humans, it is likely that precancerous cells go through a period of excessive telomere erosion, as very short telomeres have been reported to be an early alteration in many human cancers [7] . Moreover, Barrett's oesophagus and ulcerative colitis, two chronic human diseases associated with high cell turnover and an increased risk of cancer, display excessive telomere shortening and CIN with tumour progression [38, 43] . Collectively, these data support the notion that telomere erosion may initiate chromosomal instability and destabilize the cell karyotype so that the cells have the potential to acquire the genetic alterations needed for malignant transformation.
The study of human epithelial models exhibiting telomeredependent instability has provided strong evidence that telomere erosion scrambles the genome through repeated rounds of BFB cycles. When only one chromosome in a cell is unprotected, this end has no chance of joining anything other than its sister chromatid after replication, which leads to segmental chromosome amplification and deletion when isodicentric chromatid breaks unequally at anaphase. Later, since telomeres become shorter and shorter with each DNA replication cycle, the uncapping will affect many more chromosome ends, and end-to-end fusion between different chromosomes will prevail, leading to conventional dicentric chromosomes. The entry of an increasing number of these unstable chromosome rearrangements into BFB cycles is a major source of non-reciprocal translocations and other unbalanced rearrangements. The combination of pre-and post-replicative joining may result in breakpoints of rearranged chromosome clusters preferentially near the telomere and progressively moving towards the centromere, as has been observed in early-stage tumours [12] . Concomitant with the structural chromosome abnormalities, which result from the fragmentation of anaphase bridges derived either from SCF events or conventional dicentrics, numerical chromosome aberrations appear due to erroneous segregation of bridged dicentric chromatids during cell division. Therefore the exhaustion of telomeric DNA repeats is followed by the massive formation of unbalanced chromosome rearrangements as well as partial and/or whole chromosome gains and losses, which are characteristic of cancer cells. 
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